Brain-derived neurotrophic factor (BDNF) supports survival of 50% of visceral afferent neurons in the nodose/petrosal sensory ganglion complex (NPG; Ernfors et al., 1994a; Jones et al., 1994; Conover et al., 1995; Liu et al., 1995; Erickson et al., 1996) , including arterial chemoafferents that innervate the carotid body and are required for development of normal breathing (Erickson et al., 1996) . However, the relationship between BDNF dependence of visceral afferents and the location and timing of BDNF expression in visceral tissues is unknown. The present study demonstrates that BDNF mRNA and protein are transiently expressed in NPG targets in the fetal cardiac outflow tract, including baroreceptor regions in the aortic arch, carotid sinus, and right subclavian artery, as well as in the carotid body. The period of BDNF expression corresponds to the onset of sensory innervation and to the time at which fetal NPG neurons are BDNF-dependent in vitro. Moreover, baroreceptor innervation is absent in newborn mice lacking BDNF. In addition to vascular targets, vascular afferents themselves express high levels of BDNF, both during and after the time they are BDNFdependent. However, endogenous BDNF supports survival of fetal NPG neurons in vitro only under depolarizing conditions. Together, these data indicate two roles for BDNF during vascular afferent pathway development; initially, as a target-derived survival factor, and subsequently, as a signaling molecule produced by the afferents themselves. Furthermore, the fact that BDNF is required for survival of functionally distinct populations of vascular afferents demonstrates that trophic requirements of NPG neurons are not modality-specific but may instead be associated with innervation of particular organ systems.
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Multiple growth factors are required to support development of the full complement of primary sensory neurons that innervate the cardiovascular, respiratory, and gastrointestinal systems. Thus, null mutations in the genes encoding brain-derived neurotrophic factor (BDN F; Ernfors et al., 1994a; Jones et al., 1994; Conover et al., 1995; Liu et al., 1995; Erickson et al., 1996) , neurotrophin-3 (N T-3; Ernfors et al., 1994b; Farinas et al., 1994) , neurotrophin-4 (N T-4; Conover et al., 1995; Liu et al., 1995; Erickson et al., 1996) , and glial cell line-derived neurotrophic factor (Moore et al., 1996) all result in loss of 40 -60% of neurons in the nodose/petrosal sensory ganglion complex (NPG), the major source of visceral afferent innervation. The diversity of growth factor requirements in this system may be partially explained by sequential dependencies of some neurons on more than one factor. Specifically, N T-3 and N T-4 appear to act relatively early during N PG development compared with BDNF, suggesting that some neurons switch trophic dependence with age (ElShamy and Ernfors, 1997) . On the other hand, Ͼ90% of NPG neurons die in double bdnf/nt4 null mutants, and this loss is virtually additive of the effects of single bdnf or nt4 homozygous mutations, indicating that BDNF and NT-4 support survival of largely nonoverlapping populations of neurons Liu et al., 1995; Erickson et al., 1996) .
Despite the fact that the NPG complex is one of the major sites of neuronal loss in BDNF, NT-3, and NT-4 null mutants, the relationship between growth factor dependence and the location and timing of neurotrophin expression in visceral target tissues is unknown. This issue is further complicated by findings that NPG neurons themselves express BDNF (Wetmore and Olson, 1995; Zhou et al., 1998) and that endogenous BDNF, acting in an autocrine or paracrine manner, can support survival of primary sensory neurons under some conditions in culture (Acheson et al., 1995; Robinson et al., 1996b) . It is also unknown whether neurotrophin dependence is related to specific sensory modalities, as proposed for somatosensory neurons (Snider, 1994) , or alternatively, to innervation of particular tissues or organ systems.
To approach these questions, the present study examined the relationship between BDNF expression in developing visceral targets and survival of visceral afferents, focusing in particular on arterial baroreceptor neurons. Baroreceptor afferents are mechanosensitive NPG neurons that innervate specialized regions of the cardiac outflow tract and respond to changes in arterial blood pressure (Abboud and Thames, 1983) . Baroreceptor afferents play a critical role in cardiorespiratory homeostasis by buffering against rapid changes in arterial pressure (Abboud and Thames, 1983) , and loss of baroreceptor function during development leads to increased variability in heart rate and blood pressure (Itskovitz et al., 1983; Yardley et al., 1983) . However, mechanisms that underlie development of baroreceptor innervation are unknown. Baroreceptor neurons are particularly advantageous for studies of this kind for two reasons. First, innervation of arterial baroreceptor targets is almost purely sensory and is therefore not confounded by the presence of parasympathetic fibers or intrinsic neurons, as in the other viscera. Second, we found previously that BDNF is required for development of another population of cardiovascular afferents, chemoafferent neurons innervating the carotid body (Erickson et al., 1996) . Therefore, chemoafferent and baroreceptor neurons provide a model for examining whether BDNF dependence of N PG neurons is related to a particular sensory modality, such as chemosensation, or alternatively, to innervation of a particular organ system, such as the arterial vasculature.
MATERIALS AND METHODS Animals
Pregnant Sprague Dawley rats were obtained from Z ivic-Miller Laboratories (Z elienople, PA). Mice carrying targeted mutations in either the bdnf or nt4 gene were initially provided by Regeneron Pharmaceuticals (Tarrytown, N Y) and then bred in our institutional animal care facility.
T issue collection for histological procedures
Newborn or postnatal day 0 (P0) and 1-week-old (P7) rat and mouse pups were anesthetized with sodium pentobarbital (6 gm / kg, i.p.), perf used transcardially with fixative (see below), and tissues were removed and post-fixed overnight. Fetuses were removed from pregnant dams that were killed with carbon dioxide and then fixed intact by immersion overnight. T wo different fixatives were used depending on the histochemical procedure: for in situ hybridization and immunostaining with antiprotein gene product (PGP) 9.5 antibodies, the fixative was 4% paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer, pH 7.4; for BDN F and tyrosine hydroxylase (TH) immunostaining, the fixative was 2% PFA in 0.07 M sodium phosphate buffer, pH 7.2, containing 0.2% parabenzoquinone . Intact fetuses and P0 and P7 tissue samples were cryoprotected in 30% sucrose in PBS, pH 7.4, infiltrated with a 1:1 mixture of 30% sucrose-PBS and OC T embedding medium (Tissue-Tek OC T-4583; Baxter Scientific, McGraw Park, IL), embedded in OC T, frozen over dry ice, and cut in a cryostat (10 or 14 m sections). Tissues used for in situ hybridization were processed under RNase-free conditions.
In situ hybridization
Rat cDNA, encoding prepro-BDN F (bp 1-1085, GenBank accession number M61175; Maisonpierre et al., 1991) cloned into the EcoRI site of pBluescript SK(Ϫ) phagemid (Stratagene, La Jolla, CA) and designated as BDN F[pSK-rB(C1)] was a gift from Dr. G. D. Yancopoulos (Regeneron). The plasmid template was linearized by digestion with either XhoI or NotI to generate the corresponding sense and antisense transcripts, under the T3 or T7 promoter, respectively. The restriction digest DNA was treated with proteinase K and extracted with phenol-chloroform. cRNA probes were synthesized using an RNA transcription kit (Stratagene) as per the manufacturer's directions, in a reaction mixture containing 14 Ci/l [␣-
35 S]C TP (Dupont N EN, Boston, M A). The reaction product was treated with DNase, and the labeled cRNA probes were recovered by ethanol precipitation. The integrity of the probes was confirmed by electrophoresis and autoradiography.
T wo sets of adjacent tissue sections were treated briefly with protease (125 g /ml; Sigma, St. L ouis, MO), acetylated with 0.25% (v/ v) acetic anhydride in 0.1 M triethanolamine-HC l, and dehydrated through a graded series of ethanol. Alternate sections were then incubated overnight, either with sense or antisense probe (80 ϫ 10 3 dpm /l) diluted in hybridization solution [20 mM Tris-HC l buffer, pH 7.4, 0.5 mg /ml tRNA, 0.1 M DTT, 50% formamide, 0.3 M NaC l, 10 mM NaH 2 PO 4 , 5 mM EDTA, 10% dextran sulfate, and 1ϫ Denhardt's solution (Sigma)] at 55°C in a humidified chamber. After hybridization, the slides were washed for 30 min each in 5ϫ SSC (0.3 M NaC l /0.03 M sodium citrate, pH 7.0) and 2ϫ SSC containing 10 mM DTT at 55°C and treated with RNase A and RNase T1. The slides were then washed for 30 min in 2ϫ SSC containing 50% formamide and 10 mM DTT at 65°C and twice for 30 min with 1ϫ SSC containing 0.066% sodium pyrophosphate and 15 mM DTT at 55°C. The sections were dehydrated through a series of graded ethanol (30, 60, 80, and 95%) containing 0.3 M ammonium acetate, then 100% ethanol, air-dried, exposed to radiographic emulsion (N TB2; Eastman Kodak, Rochester, N Y) for 4 weeks, developed in D-19 (Eastman Kodak), counterstained with cresyl violet-acetate, and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA).
To verif y the specificity of our probes, alternate sections through the adult hippocampus and embryonic day 16.5 (E16.5) rat fetus were hybridized with antisense and sense cRNAs and analyzed for antisense labeling in areas previously shown to express BDN F mRNA. Hybridization of adult hippocampal sections with the antisense probe resulted in dense labeling of pyramidal cells in the CA2, CA3 (Fig. 1 A) , and hilus regions with moderate labeling of CA1 pyramidal and dentate gyrus granule cells. This pattern corresponds to previous studies using different BDN F probes (Hofer et al., 1990; Wetmore et al., 1990; Conner et al., 1997) . In E16.5 fetuses, the antisense probe densely labeled various neural and non-neural tissues previously shown to express BDN F mRNA, including lingual papillae (Nosrat and Olson, 1995) and dorsal root ganglia (Ernfors et al., 1992; Schecterson and Bothwell, 1992) and the sensory epithelium in the vestibular labyrinth ( Fig. 1C ; Ernfors et al., 1992; Pirvola et al., 1992; Ylikoski et al., 1993; Schecterson and Bothwell, 1994) . No signal was detected above background levels in adult hippocampus or E16.5 fetuses after hybridization with the sense probe ( Fig. 1 B, D) .
Immunoc ytochemistr y PGP 9.5, neurofilament, and TH immunostaining. Tissue sections and cultures were stained as previously described (Erickson et al., 1996) using the following antisera: (1) rabbit anti-PGP 9.5 (1:1000; Accurate, Westbury, N Y), (2) mouse anti-neurofilament (N F 68,160 , 1:100; Sigma), (3) rabbit anti-TH (1:200; Pel-Freez Biologicals, Rogers, AR), (4) goat anti-rabbit IgG-FI TC (1:200; Boehringer Mannheim, Indianapolis, I N), or (5) goat anti-mouse IgG-rhodamine (1:200; Organon Teknika C appel, Durham, NC). Whole-mount preparations were permeabilized in dilution buffer (DB; 0.02 M NaH 2 PO 4 , 0.02 M Na 2 HPO 4 , 0.5 M NaC l, 0.3% Triton X-100, and 2% BSA, pH 7.4) containing an additional 0.6% Triton X-100.
BDNF immunostaining. Tissues were stained with rabbit anti-BDN F (1:2000; Amgen, Thousand Oaks, CA) or double-stained with anti-BDN F and mouse anti-TH (1:500; Incstar, Stillwater, M N) as described below. The BDN F antibody does not cross react with NGF, N T-3, or N T-4 and does not stain brain tissue sections taken from BDN F knockout mice (Yan et al., 1997b) . BDN F staining was amplified using the T yramide signal amplification kit (TSA-indirect kit; N EN Life Science Products, Boston, M A). Sections were (1) quenched with 0.5% H 2 O 2 , washed in DB for 1 hr, blocked with avidin and biotin (Vector Laboratories, Burlingame, CA) for 15 min, then washed again in DB; (2) incubated overnight at room temperature with anti-BDN F alone or in combination with anti-TH, in DB containing 10% goat serum; (3) washed in DB and incubated with biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories, diluted in PBS containing 10% goat serum) for 30 min; (4) washed in PBS and incubated for 30 min with ABC Elite reagent (1:100 in 0.5 M NaC l-PBS, Vector Laboratories); (5) washed in 0.5 M NaC l-PBS followed by Tris buffer (0.1 M Tris-HC l, 0.15 M NaC l, and 0.5% T ween 20) and incubated for 4 min in biotinyl T yramide solution (1:50, TSA kit); and (6) washed in Tris buffer (0.15 M NaC l in 0.1 M Tris-HC l) and then rinsed in Tris buffer containing blocking reagent (TSA kit) for 10 min. For immunoperoxidase staining, the sections were incubated for 30 min in ABC Elite reagent (1:50), washed with 0.5 M NaC l-PBS, washed with PBS, and reacted with 0.4% 3,3Ј diaminobenzidine tetrahydrochloride diluted in PBS containing 0.03% NiC l 2 and 0.008% H 2 O 2 . For immunofluorescence staining, the sections were incubated for 1 hr in streptavidin-FI TC (1:100; Molecular Probes, Eugene, OR) instead of the second treatment with ABC Elite reagent, then washed in PBS, treated with -phenylenediamine and coverslipped with glycerol gel. For BDN F/ TH double-labeling, sections were first incubated at step 3 above in goat anti-mouse C y3 (1:200; Jackson ImmunoResearch, West Grove, PA) for 1 hr, washed in DB, and then processed as described for single-labeling. Control sections were stained as described above, except that the primary antibody was omitted (see Fig. 8 ).
Histochemical staining for acetylcholinesterase was performed as previously described (Katz and Karten, 1985) .
Cell cultures
Pregnant dams were killed by exposure to carbon dioxide, and P0 rat pups were deeply anesthetized with sodium pentobarbital and then decapitated. Petrosal ganglia were removed from E16.5 fetuses and newborn pups and washed in C a 2ϩ -and Mg 2ϩ -free PBS (Life Technologies, Gaithersburg, MD). Ganglia were digested in either dispase (E16.5 ganglia; Collaborative Biomedical Products, Bedford, M A) or 0.25% trypsin (P0 ganglia; Worthington Biochemicals, Lakewood, NJ) diluted in C a 2ϩ -and Mg 2ϩ -free PBS for 35 min at 37°C followed by trituration through fire-polished Pasteur pipettes. C ells were plated at a density of one ganglion per well onto glass coverslips coated with poly-D-lysine (0.1 mg /ml, Sigma) and laminin (0.3 mg /ml, Sigma). Cultures were grown in Leibovitz's L -15/C O 2 medium containing 10% NuSerum (Collaborative), 5% heat-inactivated rat serum, fresh vitamin mixture (Mains and Patterson, 1973) , penicillin (50 I U/ml, Life Technologies), and streptomycin (50 g /ml, Life Technologies) for 3 d in the absence or presence of either recombinant BDN F (10 ng /ml; Regeneron), TrkB-Fc (5 g /ml, Regeneron), elevated KC l (40 mM final concentration), or 40 mM KC l plus TrkB-Fc. Cultures were stained with either anti-neurofilament (E16.5) or anti-PGP (P0) antibodies to visualize neurons. Neuron numbers were obtained by counting all neurofilament-positive or PGPpositive cells per culture. Statistical analysis was performed using ANOVA followed by Scheffé's multiple comparison procedure. p values Ͻ0.05 were considered significant.
RESULTS

Vascular afferent survival in bdnf and nt4 null mutant mice
We previously found that targeted disruption of bdnf, but not nt4, alleles leads to death of chemoafferent neurons that innervate the carotid body (Erickson et al., 1996) . To determine whether baroreceptor afferents are also BDN F-dependent, we examined innervation of the principal baroreceptor regions of the cardiac outflow tract, i.e., the aortic arch, carotid sinus, and the origin of the right subclavian artery, in whole-mount preparations from newborn wild-type, bdnf null, and nt4 null mutant mice. In samples from wild-type animals (n ϭ 8), a dense plexus of highly arborized fibers and flattened terminal swellings, characteristic of baroreceptor innervation (Heymans and Neil, 1958) , was present at the origin of the right subclavian artery (Fig. 2 A) in the aortic arch (Fig. 3A) and carotid sinus (Fig. 3D) . In contrast, all samples from bdnfϪ/Ϫ animals (n ϭ 10) were devoid of baroreceptor innervation (Figs. 2 B,  3 B, E) . Sympathetic innervation to the vessels, however, was intact (Fig.  2C) . In nt4 null mutants (n ϭ 4), on the other hand, the pattern and density of baroreceptor innervation was indistinguishable from wild-type controls (Fig. 3C, F ) . To rule out the possibility that the lack of fiber staining in bdnf null mutants was caused by downregulation of PGP immunoreactivity rather than loss of fibers, additional samples were stained for two other neuronal markers, acetylcholinesterase and neurofilament proteins. Again, baroreceptor innervation was present in samples from wild-type (n ϭ 4), but not bdnfϪ/Ϫ (n ϭ 8) mice (data not shown).
Localization of BDNF mRNA and protein in baroreceptor regions of the fetal vasculature
To define the relationship between BDN F dependence of baroreceptor neurons and developmental expression of BDN F, we examined the distribution of BDN F mRNA and protein in the vasculature of fetal rats using in situ hybridization and immunocytochemistry, respectively, and compared these data with the timing and location of baroreceptor innervation using immunocytochemical staining for PGP 9.5 to identif y nerve fibers.
BDN F mRNA and protein, as well as nerve fibers, were undetectable within any baroreceptor regions before E14.5. However, between E14.5 and 16.5, high levels of BDN F mRNA and protein appeared in all of the principal arterial baroreceptor regions, including the right subclavian artery at its origin from the brachiocephalic trunk (Figs. 4 A, C, 5A, C) , the aortic arch (Fig. 6 A, C) , and the carotid sinus (Figs. 7 A, B, 8A) , coincident with the appearance of baroreceptor fibers. There was a (A, arrowheads) and protein ( C). In all sections in this and subsequent figures, rostral is up and dorsal is to the right. Sections in A and C were counterstained with cresyl violet. AA, Aortic arch; CCA, common carotid artery; SCA, subclavian artery; Th, thymus; n. X, vagus nerve. Scale bars, 100 m.
striking correspondence between the distribution of BDN F at each of these sites and the pattern of baroreceptor innervation revealed by PGP staining. In the right subclavian artery, for example, BDN F mRNA and protein (Figs. 4 A, C , 5A, C) and nerve fibers (Figs. 4 B, D , 5B, D) exhibited a circumferential distribution that was highly restricted to the origin of the artery at the bif urcation of the brachiocephalic trunk. A similar correspondence was evident between the distribution of nerve fibers and sites of high BDN F expression in the aortic arch (Fig. 6 ) and carotid sinus (Fig. 7) . In addition to the baroreceptor regions of the cardiac outflow tract, BDN F mRNA and protein were also observed in some cells associated with the mesenchyme surrounding the pulmonary trunk (data not shown). BDN F mRNA and protein were undetectable in all other portions of the arterial tree, including the descending aorta, left subclavian artery, and common carotid arteries.
In addition to baroreceptor target tissues, visceral sensory neurons in the N PG also exhibited high levels of BDN F mRNA and protein (Figs. 7B, 8A, respectively), and BDN F-positive fibers were also found within the carotid sinus and carotid body (data not shown).
After E16.5, BDN F mRNA and protein levels in the vasculature declined sharply and could not be detected in the baroreceptor regions of the aortic arch, right subclavian artery, or carotid sinus by P0 (data not shown). In contrast, BDN F staining in N PG neurons increased after E16.5 and remained high at P0.
Localization of BDNF mRNA and protein in the fetal carotid body
The carotid body first appears at E13.5 as a condensation of undifferentiated mesenchymal cells associated with the third pharyngeal arch artery (Kondo, 1975) . Initial innervation of the carotid body primordium also begins at this stage with the arrival of a small number of fibers from the carotid sinus nerve (Kondo, 1975; Hertzberg et al., 1994) . BDN F mRNA and protein were both detectable within a small number of cells in the Figure 5 . Localization of BDN F mRNA and protein, and baroreceptor fibers in the fetal right subclavian artery (dorsal aspect). Photomicrographs showing localization of BDNF mRNA ( A, arrow) , BDN F immunoreactivity (C, arrow) , and PGP-stained baroreceptor fibers (B, and at higher magnification in D) in sagittal sections through the origin of the right subclavian artery at E16.5. The level depicted in these sections is medial to that shown in Figure 4 . Sections in A and C were counterstained with cresyl violet. Abbreviations and scale bars as in Figure 4 . carotid body primordium on E13.5 (data not shown). E xpression in carotid body cells increased until E16.5 (Fig. 8 A) and then rapidly declined to undetectable levels by birth. At the peak of BDN F protein expression on E16.5, levels of BDN F mRNA had already begun to decline to near background levels (compare Figs. 7A, 8A) .
In addition to intrinsic carotid body cells, nerve fibers innervating the carotid body also exhibited BDN F immunoreactivity, suggesting that chemoafferent neurons themselves contain BDN F. To approach this issue, we made use of the fact that a large subset of chemoafferent neurons in the petrosal ganglion (PG) is dopaminergic and thereby expresses the catecholamine-synthesizing enzyme TH. TH is not expressed by other subsets of PG neurons and is, therefore, a highly specific marker for the chemoafferent population (Katz and Black, 1986; Finley et al., 1992b) . Double staining with BDN F and TH antibodies revealed that virtually all dopaminergic neurons in the P0 PG exhibit BDN F immunoreactivity (Fig. 9 B, C) , demonstrating that chemoafferent neurons themselves contain BDN F.
Regulation of visceral afferent survival by endogenous BDNF
The fact that PG neurons, including chemoafferents, express BDN F raised the possibility that endogenous BDN F could support survival of these neurons via an autocrine (Acheson et al., 1995) or paracrine mechanism (Robinson et al., 1996b) . To test this possibility, dissociate cultures of E16.5 and P0 PG neurons were exposed to either BDN F (10 ng /ml) or a depolarizing concentration of KC l (40 mM) in the presence or absence of TrkB-Fc, an immunological reagent that inhibits TrkB activation by binding BDN F (Shelton et al., 1995) . Very few E16.5 PG neurons survived in the absence of exogenous BDN F (Fig. 10 A , Control ) , and addition of BDN F resulted in a sevenfold increase in PG cell survival (Fig. 10 A) . KC l depolarization, a treatment that has previously been shown to release endogenous BDN F from hippocampal cells (Griesbeck et al., 1995) , was as effective as exogenous BDN F in support- Figure 6 . L ocalization of BDN F mRNA and protein, and baroreceptor fibers in the fetal aortic arch. Photomicrographs showing localization of BDNF mRNA ( A) , BDN F immunoreactivity ( C), and PGP-stained baroreceptor fibers (B, D) in the E16.5 aortic arch (AA; arrowheads) at the level of the junction with the pulmonary trunk (PT ). Note the correspondence between the distribution of baroreceptor fibers ramif ying in the outer wall of the arch (B, arrowheads and at higher magnification in D) and BDN F mRNA and protein ( A, C, arrowheads) . ADN, Aortic depressor nerve; DA, descending aorta; n. X, vagus nerve. Scale bars, 100 m.
ing PG neuron survival, and this effect was significantly inhibited by TrkB-Fc (Fig. 10 A) . In contrast, in cultures of P0 neurons, neither BDN F nor KC l increased survival above control. Moreover, survival of P0 neurons, under all conditions, was unaffected by addition of TrkB-Fc (Fig. 10 B) , despite the fact that the cells exhibit abundant BDN F immunoreactivity in culture (Fig. 10C) .
DISCUSSION
The present study demonstrates that BDN F is required for development of the arterial baroreceptor system. Based on the timing of BDN F expression in baroreceptor targets and the inability of fetal N PG neurons to survive in the absence of exogenous BDN F in culture, we propose that target-derived BDNF is required for baroreceptor survival during the onset of vascular innervation in the fetus. In addition, the fact that baroreceptor regions were completely devoid of innervation in newborn bdnf null mutants indicates that loss of BDN F cannot be compensated for by N T-4, the other high-affinity ligand for the BDN F receptor, TrkB (Berkemeier et al., 1991; K lein et al., 1992) .
In conjunction with our previous studies demonstrating loss of carotid body afferent neurons in bdnf null mutants (Erickson et al., 1996) , the present findings demonstrate that arterial chemoafferent and baroreceptor neurons share a common developmental requirement for BDNF, despite the fact that they subserve markedly distinct sensory modalities. Chemoafferent neurons are activated transynaptically by glomus cell receptors in the carotid body that respond to changes in arterial pO 2 , pCO 2 , and pH (Eyzaguirre and Z apata, 1984; Gonzalez et al., 1994) . In contrast, arterial baroafferents are mechanoreceptors that terminate as free endings, primarily in the vascular adventitia, and respond to deformations of the vessel wall caused by changes in arterial blood pressure (Abboud and Thames, 1983) . The functional heterogeneity of BDN F-dependent vascular afferents contrasts with findings in the somatosensory system that neurotrophin dependencies are modality-specific (Snider, 1994; Lewin, 1996) and indicates that, in the visceral sensory system, growth factor requirements may be correlated with innervation of particular organ systems or tissues, rather than with particular sensory modalities. This is f urther supported by our finding that both chemo-and baroreceptor innervation appear to be unaffected in nt4 null mutants (Erickson et al., 1996; present study) , despite the fact that 50% of NPG afferents die in these animals Liu et al., 1995; Erickson et al., 1996) .
The onset of BDNF mRNA and protein expression in both the carotid body and the cardiac outflow tract coincides with the arrival of sensory innervation. This is comparable to the sequence of events described for cutaneous sensory innervation in the mouse, in which initial expression of NGF mRNA and protein in the skin coincides with the initial appearance of afferent fibers (Davies et al., 1987) . In contrast, BDNF mRNA expression in trigeminal targets in the mouse (Buchman and Davies, 1993) and in chick heart (Robinson et al., 1996a) precedes the earliest arrival of sensory axons, suggesting there is not an invariant relationship between the timing of afferent innervation and target expression of trophic factors in all systems. The period of BDNF expression in the carotid body and cardiac outflow tract, between E13.5-14.5 and E16.5, also overlaps the time at which NPG neurons are BDNF-dependent in vitro (present study), consistent with a role for BDNF as a classic, target-derived survival factor for chemoafferent and baroreceptor neurons during initial target innervation. Although BDNF expression in the carotid body falls markedly after E16.5 and is undetectable by P0, chemoafferent neurons remain target-dependent after birth (Hertzberg et al., 1994) . These findings indicate that chemoafferent neurons probably switch their trophic requirements from BDNF to another target-derived factor or factors during late fetal development, as has been proposed for other populations of sensory neurons (Buchman and Davies, 1993) .
In fetal animals, we observed some expression of BDNF in the mesenchyme surrounding the pulmonary trunk. Preliminary studies suggest this labeling is associated with neural crest-derived ectomesenchymal cells that participate in vessel wall formation (D. Katz, unpublished observations). In addition to its neurotrophic role, BDNF has been shown to stimulate vascular smooth muscle cell migration in vitro (Donovan et al., 1995) . It is possible, therefore, that BDNF not only supports survival of vascular afferents during initial target innervation but also acts locally at some sites to influence vascular morphogenesis.
The fact that many NPG neurons express BDNF mRNA and protein at fetal stages raises the possibility that endogenous, in addition to target-derived, BDNF could support afferent survival Figure 8 . Localization of BDN F immunoreactivity in the fetal carotid sinus and carotid body. A, BDN F immunostaining of the carotid sinus (CS), carotid body (CB), and nodose ganglion (NG). The level of this section is similar to that shown in Figure 7A . B, Control section, stained as in A, except that the primary antibody was omitted. Both sections were counterstained with cresyl violet. Scale bar, 100 m. by an autocrine (Acheson et al., 1995) or paracrine mechanism (Robinson et al., 1996b) . However, in culture, few neurons survived in the absence of exogenous BDN F or potassium depolarization, indicating that endogenous BDN F was either not released under control conditions or was released at too low a concentration to support survival. However, even in explant cultures, in which autocrine or paracrine interactions would be maximized by the high cell density within the intact ganglion, the vast majority of E16.5 PG neurons are dependent on exogenous BDNF when grown under nondepolarizing conditions (Hertzberg et al., 1994) . We think it likely, therefore, that targetderived, rather than endogenous BDNF, is responsible for supporting survival of fetal NPG neurons in vivo. However, because BDNF expression (Lindholm et al., 1994) and release (Ghosh et al., 1994) can be regulated by depolarizing stimuli, it is possible that PG neurons grown under nondepolarizing conditions in culture lose expression of endogenous BDNF and die as a result. Therefore, we cannot rule out the possibility that activitydependent cues play a role in vascular afferent development by promoting expression and release of endogenous BDNF in vivo. We consider it more likely, however, particularly in the newborn, that BDNF expressed by NPG neurons is related to a transynaptic signaling role, as has recently been proposed for other populations of BDNF-containing neurons (von Bartheld et al., 1996; Altar et al., 1997; Fawcett et al., 1998) . Indeed, the BDNF receptor TrkB is expressed by neurons within the brainstem nucleus tractus solitarius (Yan et al., 1997a) , the principal target of visceral afferent projections to the brain (Finley and Katz, 1992a) . Baroreceptor afferents are already active in the fetus (Brinkman et al., 1969; Shinebourne et al., 1972; Itskovitz and Rudolph, 1982; Itskovitz et al., 1983; Yardley et al., 1983) , raising the possibility that they release endogenous BDNF in an activitydependent manner during prenatal development in vivo. The fact that exogenous BDNF and KCl stimulation both increased survival of fetal, but not newborn, NPG neurons, is consistent with the finding that TrkB expression declines with age in the afferent neurons themselves (Zhou and Helke, 1996) .
Our findings are in only limited agreement with the pattern of BDNF mRNA expression described by Scarisbrick et al. (1993) in the fetal vasculature. In that study, the authors reported that BDNF mRNA was localized to the aortic arch and descending aorta of fetal rats and that this pattern of expression persisted throughout life. These data are not supported by our finding that neither BDNF mRNA nor BDNF protein were detectable in the descending aorta at any stage and that BDNF expression in the aortic arch was restricted to the fetus. Moreover, the BDNF probe used by Scarisbrick et al. (1993) failed to detect BDNF mRNA in any of the other peripheral tissues known to synthesize BDNF, including the dorsal root ganglia, lingual taste buds, and vestibular sensory epithelium (Ernfors et al., 1992; Pirvola et al., 1992; Bothwell, 1992, 1994; Ylikoski et al., 1993; Nosrat and Olson, 1995) , raising concern about the mRNA species identified in their study.
In conclusion, our results demonstrate a previously unrecognized role for BDNF in development of the arterial baroreceptor system and indicate that target-derived BDNF is particularly important for vascular afferent survival during initial stages of peripheral target innervation. These findings are consistent with a role for BDNF as a classic retrograde survival factor, similar to NGF in the somatosensory system (Davies et al., 1987) . In addition, however, the fact that vascular afferents themselves express BDNF at later stages, when they no longer require BDNF for survival, indicates that BDNF may also play a transynaptic role in vascular afferent pathway development. 
